ABSTRACT
INTRODUCTION
Genetic informations of nucleic acids are constituted by only four major nucleobases (A, G, C and T). The replication and transcription are regulated by proteins recognizing nucleic acids. Not only the base sequence but also the local higher-order structures of DNA would be important for DNA-protein interaction (recognition). Since the chirality of the repeating units of polymers is essential factor for the formation of the higherorder structure and its function (1, 2) , deoxyribose is one of the most valuable molecule for phenomena of life. Although enantiomers have the same chemical and physical properties, organisms on the earth utilize only the D-sugar. This would be closely related to origin and evolution of life. Furthermore, since oligonucleotides composed of L-deoxyribose show resistance to digestion by certain nucleases, several investigators try to apply these molecules to an antisense oligonucleotide due to their stability to the intracellular metabolism (3) (4) (5) (6) (7) . Thus, chemical, biochemical and physico-chemical properties of nucleic acids composed of L-sugar are an interesting problem. Recently, we reported the conformational properties of L-d(CGCGCG) which has the exact mirror image conformations of the natural D-isomer under both low and high salt conditions (8) . In this paper, we describe the synthesis of the four L-deoxynucleosides and some other properties of L-d(CGCGCG).
Although several reports for the synthesis of Ldeoxynucleosides are available (9) (10) (11) , the method for Ldeoxyguanosine gives a very poor yield (12) . However, we improved this point and succeeded in the incorporation of the L-deoxyguanosine residues into the L-oligodeoxynucleotide.
* To whom correspondence should be addressed (18, 19) .
Synthesis of the L-nucleosides L-Thymidine 11 was readily synthesized by condensation of chloro sugar 9 with bissilylated thymine (20) and subsequent deprotection by treatment with methanolic ammonia (Scheme II).
For the synthesis of L-deoxycytidine, a direct glycosylation of silylated cytosine with chloro sugar 9 is accompanied by the production of a considerable amount of the undesired a-anomer which decreases the yield of the /3-anomer, and die separation of both anomers is difficult (14, 15) . Thus, we chose the uracil to cytosine conversion pathway (9, 21) . The glycosylation of silylated uracil with 9 in chloroform is highly stereoselective and gives a high yield. The obtained L-deoxyuridine derivative 12 was converted to the 4-thio derivative 13 as reported previously. Compound 13 was then converted to L-deoxycytidine 14 by treatment with methanolic ammonia (Scheme II).
To synthesize the L-deoxyadenosine unit, we employed the method (22) which uses the sodium salt of adenine as an aglycone, instead of the more conventional 6-chloropurine because the amination step includes more drastic conditions. Thus, the reaction of the sodium salt of adenine with chloro sugar 9 in acetone afforded 3', 5'-di-O-p-toluoyl-L-deoxyadenosine 15 in 31 % yield (Scheme IE). This compound was easily converted to the N*-benzoyl derivative 18c which was extensively characterized.
There have been few reports on the synthesis of not only Ldeoxyguanosine but also D-deoxyguanosine by a glycosylation. The synthetic yield of L-deoxyguanosine by the glycosylation method in the only one report (12) is very poor (3.9%). Thus, we employed a direct glycosylation method for the synthesis of L-deoxyguanosine 17 as described by Robins et al. (23) for the synthesis of D-deoxyguanosine (Scheme HI). The slight excess of the sodium salt of 2-amino-6-chloropurine (prepared from in situ treatment of 2-amino-6-chloropurine with NaH) in DMF was glycosylated with chloro sugar 9. The reaction showed the complexity of the products which contained several regie-and anomeric isomers. The desired 9-isomer was separated by silica gel column chromatography, however, it was still a mixture containing the undesired or-isomer (a:/3= 1:4). The recrystallization of the mixture from MeOH afforded the pure /3-L-6-chloronucleoside 16 in 31.7% yield. The refiuxing of a mixture of 16 and 2-mercaptoethanol and sodium methoxide in MeOH gave the L-deoxyguanosine sodium salt (24) . The treatment of this salt with the Dowex 50w cation exchange resin (pyridinium form) afforded pure L-deoxyguanosine 17 with 67.4%.
Synthesis of building blocks for solid-phase phosphoramidite assembly For the protection of the base moiety, the benzoyl and wo-butyryl group were used for 14,15 and 17, respectively and the protection of the 5'-hydroxyl group was performed by using the dimethoxytrityl group with a standard procedure (25 
Synthesis of L-d(CGCGCG)
The controlled pore glass (CFG) support carrying the Ldeoxyguanosine 19d unit was prepared according to the literature procedure (27) . This is a useful procedure for precious modified nucleosides compared to the conventional one. The protected phosphoramidite nucleotides were assembled on this CPG support as reported for the synthesis of D-oligonucleotides (28) .
After deblocking and purification, the D-and L-hexamers were subjected to nuclease PI digestion as described previously (29) to confirm the structures and to check the ability as a substrate for the enzyme. The D-hexamer ( Fig. la) was completely degraded to the expected nucleotides and 5'-end nucleoside in the expected ratios (Fig. lb) . Although the retention time of the L-hexamer was consistent with that of the D-hexamer, the Lhexamer could not be digested at all (Fig. lc) as expected.
Ethidium bromide interactions
Ethidium bromide binds to DNA with a intercalation mode at pyrimidine (3'-5') purine sites preferentially (30, 31) . We compared the interaction mode of ethidium bromide to D-and L-d(CGCGCG) with CD spectra. Recently, we reported that the conformation of L-d(CGCGCG) in solution is the exact mirror image of the corresponding natural D-hexamer under both low and high salt conditions (8) . The CD spectrum of the Dd(CGCGCG)-ethidium bromide complex at low salt concentration ( reported that the CD spectrum of the poly (dG-dC)-poly (dG-dC)-ethidium bromide complex at high salt conditions is similar to that at low salt conditions (30) , and they concluded that ethidium bromide inhibits B-to-Z transition. Similarly, the CD spectrum of the L-hexamer-ethidium bromide complex at high salt conditions is identical to that at low salt conditions. Thus, the intercalation mode of ethidium bromide to D-and L-DNA is same except for chirality and ethidium bromide prefers not the right-handed helical sense, but the basebase stacking geometry of the B-form rather than that of the Zform. These results also indicate that non-chiral molecules such as ethidium cannot discriminate the chirality of DNA. L-DNA would be a useful tool for discrimination between specific interaction and nonspecific association on specific DNA-drug or DNA-protein interactions.
EXPERIMENTAL SECTION Materials and Methods
L-Arabinose, 2-amino-6-chloropurine were purchased from AJdrich. Nuclease PI was obtained from Yamasa Shoyu Co., LTD. Melting points were measured on a Yanagimoto apparatus and are uncorrected. Thin layer chromatography (TLC) was performed on Kieselgel 60 F254 plates (Merck) with a chloroform-methanol system. CD spectra and specific rotations were measured by a JASCO J-500 spectropolarirrieter and JASCO DIP-181 digital polarimeter, respectively. 'H NMR spectra were obtained by a Varian gemini-200 spectrometer and 31 P NMR spectra were obtained by a Varian XL-300 spectrometer. Chemical shifts were measured relative to internal tetramethylsilane (CDCI3) or internal /-butyl alcohol (D 2 O) for 'H NMR or external trimethylphosphate for 31 P NMR. HPLC was performed by a Shimadzu LC-6A system on a column (03.9x150 mm) of /tBondasphere C18 IOOA. Methyl /3-Larabinopyranoside 1 was synthesized by the literature procedure (16) for the corresponding D-isomer.
Methyl 3,4-isopropylidene-2-0-[(methylthio)thiocarbonyl]-/3-L-arabino-pyranoside (3)
To the mixture of methyl /3-L-arabinopyranoside 1 (16.4 g, 100 mmol) and dimethoxypropane (38.6 mL, 300 mmol) in dry DMF (130 mL) was added 1 g of Amberlyst 15 (H + form) and stirred at ambient temperature during 18 h. After the filtration of the resin, the filtrate was concentrated to give sufficiently pure 2 (23.04 g, quant. To the solution of the above residue in THF (160 mL) was added 50% NaH (11.5 g, 239.5 mmol) at 0°C and then, refiuxed for 2 h. After cooling in an ice-bath, 59.6 mL (990 mmol) of carbon disulfide was added and stirred at room temperature for 2 h. Subsequently, methyl iodide (14.8 mL, 238 mmol) was added at 0°C and then, stirred at room temperature over night. The mixture was poured into ice-water and extracted with ethyl acetate. The organic layer was washed by brine, dried (Na2SO 4 ) and evaporated under reduced pressure. The residue was crystallized from benzene-n-hexane to give pale yellow prisms of 3, 26. 
Methyl 2-deoxy-/3-L-eryrt/t>-pentopyranoside (5)
Compound 3 (2.94 g, 10 mmol) was dissolved in dry xylene (100 mL). The solution was refiuxed and degassed with nitrogen bubbling for 20 min. Tri-n-butyltin hydride (4.3 mL, 16 mmol) and ATBN (320 mg) were added. The mixture was refiuxed for an additional 2 h. Volatile matters were evaporated and the residue was treated with 80% AcOH (40 mL) for 15 h. The solvent was evaporated and the residue was partitioned in waterether. The aqueous layer was washed with ether, concentrated and coevaporated successively with EtOH, benzene and chloroform. The residue was purified by silica gel chromatography to give pure 5 (1.1 g, 81.9%) as a crystalline powder, mp 75-78°C. 'H NMR (CDC1 3 ): solvent was evaporated to give a colorless syrup of 6, 4.68g. 'H NMR spectrum was identical to that of 2-deoxy-D-ribose from commercial source. To the residue dissolved in MeOH (100 mL) was added 10.4 mL of 1% HCVMeOH. After 2 h, the solution was neutralized by dry pyridine, then volatile matters were evaporated. The residue was loaded on a silica gel column to remove the pyrano-sugar which is the minor by-product and the product was eluted with 3-4% methanol in chloroform. The concentration of die eluents afforded 4.33 g (83.8%) of the anomeric mixture of 7. The residue was dissolved in dry pyridine (90 mL) to which was added 16 mL (120 mmol) of p-toluoyl chloride at 0°C. After stirring 1 h at 0°C, stirring was continued overnight at ambient temperature. 
3',5'-Di-0-/>-toluoyl-/3-L-2'-deoxyuridine (12)
A suspension of uracil (672 mg, 6 mmol) in a mixture of hexamethyldisilazane (18 mL) and trimethylchlorosilane (1.8 mL) was refluxed. When the mixture turned into a clear solution, volatile matters were evaporated and coevaporated with dry xylene. The residue was dissolved in pure chloroform (15 mL) and 1167 mg (3 mmol) of chloro sugar 9 was added. After stirring for 18 h at room temperature, chloroform was added and the solution was washed with water. The organic layer was dried over Na 2 SO 4 , filtered and evaporated to dryness in vacuo and the residue was purified by silica gel column chromatography to give a mixture of a-and /3-isomers. Recrystallization from MeOH afforded crystals of the pure j3-isomer 12, 1146 mg (76%), mp 219-222°C. >H NMR ( 
2'-Deoxy-L-cytidine hydrochloride (14)
Ammonia gas was bubbled into a suspension of 1.25 g (2.6 mmol) of 13 in MeOH (80 mL) at 0°C. When ammonia was saturated, the autoclave was sealed. The mixture was heated at 100°C for 10 h. After cooling carefully, the solvent was removed in vacuo and the residue was dissolved in water (70 mL) and then, was washed with ether three times. The aqueous layer was concentrated and the residue was dissolved in EtOH and 2 mL of 2 M HC1 was added. After concentration, the crystalline residue was recrystallized from 90% EtOH to give 576 mg 
2'-Deoxy-3',5'-di-0-p-toluoyl-L-adenosine (15)
To a suspension of the sodium salt of adenine (1.51 g, 9.6 mmol) in dry acetone (100 mL), 1.94 g (5 mmol) of chloro sugar 9 was added. After stirring for 19 h at room temperature, chloroform was added to the mixture and washed with brine. After the organic layer was dried by Na2SO 4 and concentrated, the residue was purified with silica gel column chromatography. The fractions containing 15 were concentrated in vacuo and the residue was recrystallized from ethyl acetate to give 755 mg ( N*-Benzoyl-2'-deoxy-L-adenosine (18c) 1.51 g (3.1 mmol) of 15 was treated with benzoyl chloride (0.74 mL, 6.4 mmol) in dry pyridine (16 mL). After stirring for 4 h at room temperature, the solution was poured into a mixture of crushed ice-NaHCO 3 -chloroform (15 g-1 g-20 mL) and stirred vigorously for 15 min. Chloroform was added to the mixture and the organic layer was washed by saturated aq. NaHCC^ three times, then dried by Na2SO 4 and the solvent was removed in vacuo. The residue was dissolved in pyridine-THF (12 mL-8 mL) and treated with 32 mL of 2M NaOH-EtOH (1:1) at 0°C. After stirring for 15 min, the solution was neutralized by Dowex 50w (pyridinium form, 35 mL). The resin was removed by filtration and the resulting clear solution was concentrated to about 1/2 volume. Ether was added to the solution and vigorously shaken followed by standing at 4°C to give 896 mg (81.5%) of 18c, mp 116-119°C. ' 2'-Deoxy-L-guanosine (17) To a suspension of compound 16 (1.7 g, 3.24 mmol) in MeOH (26 mL) was added 0.82 mL (11.66 mmol) of 2-mercaptoethanol in 1 M NaOMe (11.34 mL) and H 2 O (97 mL) and the mixture was refluxed for 5 h under the nitrogen atomosphere. After cooling, the precipitated Na + salt of 17 was filtrated and was dissolved in 30% pyridine/water. The solution was neutralized by Dowex 50w (pyridinium form) and was concentrated after removal of the resin. 
General procedure for the synthesis of L-deoxynucleoside phosphoramidites (20a-d)
To the protected nucleoside 19a-d (benzoyl for L-dC, L-dA, isobutyryl for L-dG, and dimethoxytrityl for 5'-hydroxyl) (1 mmol) dissolved in dry CH 2 C1 2 (5 mL) was added 86 mg (0.5 mmol) of diisopropylammonium tetrazolide and 381 /iL (1.3 mmol) of 2-cyanoethyl N,N,N',N'Hetraisopropylphosphorodiamidite and stand for 2 h. After addition of saturated sodium hydrogen carbonate, the mixture was extracted by CH 2 C1 2 . The organic layer was washed by saturated sodium hydrogen carbonate three times and was dried with anhydrous MgSO 4 , then concentrated. The residue was purified by silica gel column chromatography with a benzene-methanol system containing 1 % triethylamine and concentrated to give a colorless foam, 68-91%. 
Synthesis of L-d(CGCGCG)
The controlled pore glass (CPG) support carrying the Ldeoxyguanosine unit was prepared according to the literature procedure (27) . The protected nucleoside phosphoramidites were assembled on this CPG support as reported for the synthesis of D-oligonucleotides (28) . After the detachment from the CPG and the deprotection with concentrated ammonia, the product was purified by C18 open column chromatography. The fractions containing the product having the dimethoxytrityl group were collected and treated with 80% AcOH to deprotect the trityl group. The product was purified by the C18 open column again and desalted by a DEAE-cellulose column by during with triethylammonium bicarbonate buffer (pH 7.5). Finally, the product was passed through a Dowex 50w (Na + form) column and obtained as a sodium salt.
